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Summary
The multisubunit g-tubulin complex (g-TuC) is critical for
microtubule nucleation in eukaryotic cells [1, 2], but it re-
mains unclear how the g-TuC becomes active specifically
at microtubule-organizing centers (MTOCs) and not more
broadly throughout the cytoplasm [3, 4]. In the fission yeast
Schizosaccharomyces pombe, the proteins Mto1 and Mto2
form the Mto1/2 complex, which interacts with the g-TuC
and recruits it to several different types of cytoplasmic
MTOC sites [5–10]. Here, we show that the Mto1/2 com-
plex activates g-TuC-dependent microtubule nucleation
independently of localizing the g-TuC. This was achieved
through the construction of a ‘‘minimal’’ version of Mto1/2,
Mto1/2[bonsai], that does not localize to any MTOC sites.
By direct imaging of individual Mto1/2[bonsai] complexes
nucleating single microtubules in vivo, we further determine
the number and stoichiometry of Mto1, Mto2, and g-TuC sub-
units Alp4 (GCP2) and Alp6 (GCP3) within active nucleation
complexes. These results are consistent with active nucle-
ation complexes containing w13 copies each of Mto1 and
Mto2 per active complex and likely equimolar amounts of
g-tubulin. Additional experiments suggest that Mto1/2 multi-
mers act to multimerize the fission yeast g-tubulin small
complex and that multimerization of Mto2 in particular
may underlie assembly of active microtubule nucleation
complexes.
Results and Discussion
Mto1/2 localizes the g-tubulin complex (g-TuC) to all cyto-
plasmic microtubule-organizing centers (MTOCs) throughout
the cell cycle [10, 11]. During interphase, Mto1/2 recruits the
g-TuC to the cytoplasmic face of the spindle pole body
(SPB), to preexisting microtubules (MTs), and, less abun-
dantly, to the nuclear envelope (NE), leading to MT nucleation
from all of these sites. During anaphase elongation of the intra-
nuclear mitotic spindle, Mto1/2 recruits the g-TuC to the cyto-
plasmic face of the SPB to support astral MT nucleation, and
during late mitosis, Mto1/2 recruits the g-TuC to an equatorial
MTOC (eMTOC) associated with the cytokinetic actomyosin
ring, to generate a postanaphase MT array that stabilizes the
actomyosin ring [12]. While Mto1/2 can be described as an
attachment factor localizing the g-TuC to different subcellular
sites [3], mto1D cells exhibit a complete failure of de novo
cytoplasmic MT nucleation [5, 13]. This suggests that Mto1/22Present address: The Scripps Research Institute, North Torrey Pines Road,
La Jolla, CA 92037, USA
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creativecommons.org/licenses/by/3.0/).may be involved not only in g-TuC localization but also some-
how in g-TuC activation. We envisaged two general models by
which interaction of Mto1/2 with the g-TuC could be important
for generating active MTOCs. First, Mto1/2might function only
to localize the g-TuC to prospective MTOC sites, and addi-
tional factors would then subsequently activate the g-TuC at
these sites. Alternatively, binding of Mto1/2 to the g-TuCmight
simultaneously both localize and activate the g-TuC [14]. We
reasoned that if we could construct a mutant version of
Mto1/2 that failed to localize to conventional MTOC sites but
nevertheless promoted MT nucleation, this would provide
strong support for the second model.
Free Cytosolic Mto1/2[bonsai] Complexes Promote
Spatially Random Microtubule Nucleation In Vivo
Because Mto1 C-terminal regions target the protein to MTs,
the SPB, and the eMTOC [10], we first removed these regions
by replacing the endogenous mto1+ gene with GFP-tagged
C-terminal truncations (Figure 1A; see also Supplemental
Experimental Procedures available online). The smallest trun-
cation mutant in which Mto1/2 remained functional was
mto1(1-549)-GFP (Figure S1A). Unlike full-length Mto1-GFP,
Mto1(1–549)-GFP localized almost exclusively to the NE, in
the form of discrete puncta, and in these cells the g-TuC
protein Alp4 (GCP2 homolog) similarly localized to the NE
(Figure S1B). We will therefore refer to Mto1(1–549) as
‘‘Mto1[NE].’’ In live-cell imaging experiments, both mto1[NE]-
GFP and untagged mto1[NE] cells showed greater than
2-fold increased MT nucleation from the nuclear surface rela-
tive to wild-type cells (Figures 1F, S1E, and S1G; Movie S1),
and Mto2-GFP in mto1[NE] cells also localized to the NE
(Figure S1C). Interestingly, after drug- or cold-induced MT
depolymerization, full-length Mto1 also redistributes to the
NE ([13, 15]; see also Figures 1C and S2A). This suggests
that normal steady-state localization of Mto1/2 may depend
on a dynamic partitioning mechanism in which multiple pro-
spectiveMTOC sites compete for a limited pool ofMto1/2 (Fig-
ure 1B). According to this view, in unperturbed wild-type cells,
high-affinity/abundance sites such as MTs or the SPB largely
outcompete the NE for recruitment of wild-type Mto1/2, but
when MTs are absent (as in the case of full-length Mto1) or
Mto1/2 cannot bind to such sites (as in the case of Mto1
[NE]), competition is abolished, leading to increased Mto1/2
localization to the NE. Supporting this view of localization de-
pending on competition, we found that both Mto1 and Mto2
are low-abundance proteins, each present at 1,200–1,400
molecules per cell (Figure S1D).
Truncation of the N terminus of full-length Mto1 (mto1
[ND130]; Figure 1A) abrogated the redistribution to the NE
that occurs upon MT depolymerization, both under conditions
of normal expression andmild overexpression (Figures 1C and
S2A). Consistent with this, MT regrowth after cold-induced
depolymerization occurred randomly throughout the cyto-
plasm in mto1[ND130]-GFP cells, unlike wild-type cells, in
which regrowth occurs mainly from the NE (Figures 1D and
S2B; [15]). In live-cell imaging experiments, mto1[ND130]-
GFP cells also showed strongly decreased MT nucleation in
the vicinity of the NE compared to mto1-GFP cells (Figures
1F, S1F, and S1G).
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Figure 1. Mto1[bonsai], a ‘‘Minimal’’ Mto1 Truncation Mutant, Promotes Spatially Random Cytoplasmic Microtubule Nucleation
(A) Schematic of full-length Mto1 and Mto1 truncation mutants. Dashed lines indicate N- and C-terminal truncation sites. Red boxes indicate predicted
coiled coils. Gray boxes indicate regions involved in binding to g-TuC (centrosomin motif 1; CM1), binding to Mto2, and localization to the equatorial micro-
tubule-organizing center and spindle pole body (eMTOC and SPB). The region involved in binding to microtubules (MTs) is approximately defined [10].
(B) Cartoon summarizing the different means by which Mto1/2 complexes can become enriched on the nuclear envelope.
(C) Localization of mildly overexpressedMto1-GFP andMto1[ND130]-GFP in control cells (+DMSO) and after MT depolymerization bymethyl benzimidazol-
2-yl-carbamate (MBC). Arrows indicate Mto1[ND130]-GFP at spindle pole bodies, but not more generally on the nuclear envelope (NE).
(D) Anti-tubulin immunofluorescence showing time course and spatial distribution ofMT regrowth after cold-inducedMTdepolymerization inmto1-GFP and
mto1[ND130]-GFP cells. Arrows indicate regrowth from NE.
(E) Time-lapse images (15 s interval) of GFP-tubulin in anmto1[bonsai]-GFP cell. Arrows indicate de novoMT nucleation events free in the cytoplasm. Circles
indicate position of nucleus. Relative to GFP-tubulin, Mto1[bonsai]-GFP is too faint to be seen. See Movie S1 for corresponding movie.
(F) Frequency of de novo MT nucleation (6SEM) free in the cytoplasm versus in the NE region in the cell genotypes indicated (see also Movie S1). The
apparent low total MT nucleation frequency in mto1-GFP and mto1[ND130]-GFP cells is artifactual; in these cells, a significant proportion of nucleation
occurs on preexisting MTs but cannot be quantified and thus is excluded from analysis (see Supplemental Experimental Procedures).
(G) Localization of Mto1[bonsai]-GFP in wild-type (alp16+) and in alp16D cells, together with g-TuC protein Alp4 (GCP2 homolog) fused to tandem-dimer
Tomato (Alp4-tdT). Green arrows indicate Mto1[bonsai] puncta without Alp4. Yellow arrows indicate Mto1[bonsai] puncta with Alp4. Red arrows indicate
spindle pole bodies (nucleoplasmic face), which contain Alp4 but not Mto1[bonsai]. Scale bars, 5 mm.
Current Biology Vol 24 No 8
2
Please cite this article in press as: Lynch et al., Activation of the g-Tubulin Complex by the Mto1/2 Complex, Current Biology (2014),
http://dx.doi.org/10.1016/j.cub.2014.03.006Based on these results, we truncated mto1 simultaneously
at both N and C termini to makemto1[131-549]-GFP. Because
this was found to be the smallest Mto1 fragment that supports
MT nucleation in vivo (see below and Supplemental Experi-
mental Procedures), we will refer to Mto1[131–549] as ‘‘Mto1
[bonsai],’’ by analogy to other miniaturized but functional pro-
teins [16, 17]. Strikingly, in live-cell imaging,mto1[bonsai]-GFPcells nucleated cytoplasmicMTs in a spatially randommanner,
with the majority of nucleation events occurring freely in the
cytoplasm (Figures 1E, 1F, S1F, and S1G; Movie S1). Similar
results were obtained in MT-regrowth experiments (Fig-
ure S2B). Interestingly, many freely nucleated microtubules
quickly aligned and bundled with other MTs (Movies S1, S2,
and S4). This led to steady-state distributions in which most
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Figure 2. Direct Observation of Single Microtubule Nucleation by Mto1[bonsai] Puncta Reveals Protein Copy Number within Individual Puncta
(A) Time-lapse images (3.3 s interval) of mCherry-microtubule nucleation (mCh-Atb2) from Mto1[bonsai]-GFP puncta as well as from Mto2-GFP, Alp4-GFP,
and Alp6-GFP puncta in an untaggedmto1[bonsai] background. Panels show single z sections or maximum projections of two adjacent z sections. Upper
panels show entire cell area. Lower panels correspond to regions indicated by yellow boxes and show time-lapse images of nucleating puncta (white
arrows). See Movie S2 for corresponding movies.
(B) Fluorescent signal of individual Mto1[bonsai]-GFP,Mto2-GFP, Alp4-GFP, andAlp6-GFPpuncta (6SEM), quantified at the time ofmicrotubule nucleation.
Calculation of molecules per punctum used Rlc1-GFP cytokinesis nodes as a fluorescence calibration standard [19]. Scale bar, 5 mm.
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http://dx.doi.org/10.1016/j.cub.2014.03.006MTs were oriented along the long axis of the cell in spite of
spatially random nucleation (see for example Figures 3B and
S2B–S2D).
Mto1[bonsai]-GFP itself was present throughout the cyto-
plasm as discrete, mobile puncta that did not localize to any
conventional MTOC site (Figures 1G, 3A, S2C, and S2D; Movie
S2). Most puncta also contained Alp4, although the relative
signals of Mto1[bonsai] and Alp4 varied among puncta (Fig-
ure 1G). In many cells, multiple Mto1[bonsai]-GFP puncta
appeared to be aligned, coincident with MT bundles (Figures
1G, S2C, and S2D), which suggested a possible association
of Mto1[bonsai] with the MT lattice. However, in contrast to
full-length Mto1-GFP, which does bind to the MT lattice
[9, 10], three lines of evidence showed that Mto1[bonsai]-
GFP localization to MT bundles is due not to lattice binding
but rather to the presence of Mto1[bonsai]-GFP at minus
ends of MTs that become bundled with other microtubules
after nucleation (schematized in Figure S2E): First, while over-
expressed full-length Mto1-GFP decorates MTs along their
entire length [9, 10], overexpressed Mto1[bonsai]-GFP did
not, remaining instead as discrete puncta (Figure S2C). A sec-
ond piece of evidence came from introducing a nine-alanine
(9A1) substitution mutation into the w60-amino-acid centro-
somin motif 1 (CM1) region ofmto1 inmto1[bonsai]-GFP cells.
The 9A1 mutation disrupts interaction with g-TuC and abol-
ishes Mto1-dependent MT nucleation in vivo, but it does not
impair association of (full-length) Mto1[9A1]-GFP with the
few cytoplasmic MTs that can appear in these cells via
‘‘escape’’ from the intranuclear mitotic spindle at the end of
mitosis [13, 15, 18] (Figure S2D). Unlike Mto1[9A1]-GFP,
Mto1[9A1-bonsai]-GFP puncta showed negligible localization
to the few cytoplasmic MTs present in the cells (Figure S2D)
and instead diffused freely throughout the cytoplasm (Movie
S3). Therefore, the presence of Mto1[bonsai]-GFP in MT
bundles depends on its ability to promote MT nucleation.
Third, through live-cell imaging of Mto1[bonsai]-GFP togetherwith mCherry-tubulin we were able to observe individual
Mto1[bonsai]-GFP puncta nucleating single MTs (see below).
In addition to demonstrating that Mto1[bonsai]-GFP is directly
involved in nucleation, this explicitly showed Mto1[bonsai]-
GFP puncta remaining bound to the minus ends of newly
nucleated MTs during and after MT bundling (Figure 2A;
Movie S2).
In live-cell imaging of mto1[bonsai]-GFP cells expressing
mCherry-tubulin, all cytoplasmic MT nucleation events
occurred from free Mto1[bonsai]-GFP puncta (30 puncta-
associated events out of 30 total events). We also tagged
Mto2, Alp4, and Alp6 (GCP3 homolog) with GFP in strains ex-
pressing untagged Mto1[bonsai], and in essentially all cases
MT nucleation occurred from free puncta containing the
GFP-tagged proteins (30 puncta-associated events out of 30
total events for Mto2-GFP, 30/32 for Alp4-GFP, and 25/26 for
Alp6-GFP; see also Figure 2A; Movie S2). Immunoprecipitation
experiments showed that Mto1[bonsai]-GFP physically inter-
acts with the g-TuC, and, as with Mto1-GFP, this requires
both an intact Mto1 CM1 region and the presence of Mto2 (Fig-
ures S2F and S2G; [9, 13]). Taken together, our experiments
withMto1[bonsai] indicate that Mto1/2 can promoteMT nucle-
ation by the g-TuC independently of localizing the g-TuC to any
conventional MTOC site—that is, localization and activation of
the g-TuC by Mto1/2 are separable, distinct activities.
Microtubule Nucleation by Mto1/2[bonsai] Does Not
Require g-TuRC-Specific Proteins
In higher eukaryotes, the g-TuC exists primarily as the
g-tubulin ring complex (g-TuRC), which contains several
copies of a heterotetrameric subcomplex (g-tubulin small
complex, g-TuSC) arranged in a lock-washer-like structure
[2–4, 20–22]. The g-TuSC itself contains two copies of
g-tubulin and one copy each of GCP2 and GCP3, which are
paralogs and highly conserved among eukaryotes [23, 24]
(in fission yeast, Alp4 and Alp6, respectively). Assembly of
Current Biology Vol 24 No 8
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‘‘g-TuRC-specific proteins’’ GCP4, GCP5, and GCP6, which
are all predicted to be structurally similar to GCP2 and GCP3
[3, 25]. Fission yeast, unlike budding yeast, contains homologs
of GCP4, GCP5, and GCP6 (in fission yeast, Gfh1, Mod21, and
Alp16, respectively), and these physically associate with
g-TuSC proteins [6, 26, 27]. However, the precise mechanistic
role of fission yeast g-TuRC-specific proteins is uncertain,
because simultaneous deletion of gfh1+, mod21+, and
alp16+ has only a modest effect on microtubule nucleation
in vivo [27]. We thus investigated whether g-TuRC-specific
proteins, even if not essential in the context of Mto1/2 com-
plexes containing full-length Mto1, might nevertheless be
required to support the minimal Mto1/2[bonsai] complexes.
We analyzed alp16D mto1[bonsai]-GFP cells, because Alp16
is required for association of both Gfh1 and Mod21 with
g-TuSC, and thus an alp16D single-deletionmutant phenocop-
ies the gfh1D mod21D alp16D triple-deletion mutant [27, 28].
Mto1[bonsai]-GFP puncta in alp16D cells were indistinguish-
able from those in wild-type (alp16+) cells, and these puncta
also contained Alp4 (Figure 1G). The frequency and distribu-
tion of MT nucleation in mto1[bonsai]-GFP alp16D cells was
nearly identical to mto1[bonsai]-GFP (i.e., alp16+) cells, and
this was also true for mto1[NE]-GFP alp16D versus mto1
[NE]-GFP (alp16+) (Figure S1G; Movie S1). We conclude that
g-TuRC-specific proteins do not make a major contribution
to Mto1/2[bonsai]-driven MT nucleation.
Protein Copy Number within Individual
Microtubule-Nucleation Complexes
The ability to image individual GFP-taggedMto1/2[bonsai] and
g-TuC puncta as they nucleate single MTs allowed us to quan-
tify protein copy number within individual nucleating puncta
(Figures 2A and 2B). Using myosin light-chain Rlc1-GFP cyto-
kinesis nodes as a fluorescence calibration standard [19], we
measured signals of Mto1[bonsai]-GFP puncta and of Mto2-
GFP, Alp4-GFP, and Alp6-GFP puncta in (untagged) mto1
[bonsai] cells, just at the time of MT nucleation. Nucleating
puncta contained an average of 12.8 and 13.0 molecules of
Mto1[bonsai]-GFP and Mto2-GFP, respectively. These values
are similar to the 13 protofilaments present in most tem-
plate-nucleated MTs [29], and to the w13–14 g-tubulin mole-
cules thought to be present in a functional g-TuRC [20, 30].
Nucleating puncta contained slightly more than half that
number of molecules of Alp4-GFP and Alp6-GFP (average
8.5 and 8.4molecules, respectively; Figure 2B). The near-equal
values for Alp4 and Alp6 are consistent with puncta containing
multiple copies of g-TuSC, with numbers similar to those ex-
pected for GCP2 and GCP3 in a g-TuRC [20, 30, 31]. Overall,
our results suggest that the puncta we observe nucleating
single MTs in vivo correspond to single macromolecular com-
plexes with properties similar to single g-TuRCs. The stoichi-
ometry of Mto1[bonsai]:Mto2:Alp4:Alp6 in these g-TuRC-like
complexes is approximately 2:2:1:1, suggesting that each
g-TuSC in an actively nucleating complex may be associated
with two copies each of Mto1[bonsai] and Mto2.
Role of Mto1 and Mto2 in Assembly of Multimeric
Nucleation Complexes
Because nucleating puncta contain multiple copies of both
g-TuSC andMto1/2 proteins, we next investigated how puncta
assemble. Does a multimeric Mto1/2 complex drive assembly
of amultimeric g-TuC, or vice versa? Previous work has shown
that inmto1D cells, g-TuSC proteins are not observed as freelydiffusing cytoplasmic puncta [28], suggesting that Mto1/2 is
required for multimerization of free g-TuSCs. As mentioned
above, we found that Mto1[9A1-bonsai]-GFP is present in
puncta even though it cannot bind the g-TuC (Figures 3A,
S2D, S2F, and S2G; Movie S3). Mto1[9A1-bonsai]-GFP puncta
often appeared less numerous than Mto1[bonsai]-GFP puncta
(Figures 3A and S2D), but because of their rapid diffusion in
the cytoplasm (Movie S3), this was difficult to determine
definitively. We therefore introduced the 9A1 mutation into
Mto1[NE]-GFP. Mto1[9A1-NE]-GFP localized as stable NE-
associated puncta that, like Mto1[9A1-bonsai]-GFP puncta,
did not promote microtubule nucleation (Figure S3B). These
results strongly suggest that Mto1/2 multimerization (i.e.,
puncta formation) can occur independently of interaction
with g-TuC and thus may drive assembly of multimeric
g-TuC.We note that it remains possible that further interaction
with the g-TuC could help to cooperatively stabilize multimeric
Mto1/2 complexes [32] or regulate protein copy number within
complexes.
How does Mto1/2 multimerize? In mto2D cells, full-length
Mto1-GFP localizes to conventional MTOCs, but the Mto1-
GFP signal is less intense than in wild-type cells (Figure 3A;
[9]). In immunoprecipitation experiments we found that Mto1
and Mto2 are the only major stoichiometric components of
Mto1/2 complex isolated from cells (Figure S3A). This led us
to hypothesize that Mto2 may be involved in multimerizing
Mto1. Consistent with this, when mto2+ was deleted in Mto1
[NE]-GFP and Mto1[bonsai]-GFP cells, puncta were com-
pletely absent and no de novo cytoplasmic MT nucleation
was observed (Figure 3A; Movie S4). Puncta were also absent
fromMto1[9A1-bonsai]-GFPmto2D cells (Figure 3A;Movie S3)
and frommto1(1-500)-GFP (mto2+) cells, in which Mto2 is pre-
sent but the Mto2-binding region of Mto1 (Mto1 amino acids
461–549) is disrupted (Figure S3C; [9]). We also found that
free cytoplasmic Alp4 puncta were absent in mto2D mto1
[bonsai]-GFP cells, consistent with g-TuC multimerization de-
pending on the presence of Mto1/2 multimers (Figure S3D).
By contrast, when we imaged Mto2-GFP inmto1D cells, we
observed free cytoplasmic Mto2-GFP puncta (Figure 3B).
Although these puncta were faint in still images, they could
clearly be seen diffusing very rapidly by time-lapse imaging
(Movie S5). They were also considerably more apparent
when Mto2-GFP was mildly (w53 to 103) overexpressed in
mto1D cells, whereas similarly overexpressed Mto1[bonsai]-
GFP inmto2D cells failed to form puncta and did not promote
MT nucleation (Figures S3E and S3F). Overall, this suggests
that multimeric Mto2 can exist in the absence of Mto1. Consis-
tent with this, we found that Mto2 can be coimmunoprecipi-
tated with itself, not only from wild-type but also from mto1D
cell extracts (Figure 3C).
To further investigate g-TuC-independent multimerization of
Mto1/2, we analyzed endogenous Mto1/2[9A1-bonsai]-GFP
complex by glycerol density-gradient centrifugation and quan-
titative western blotting (Figure 4). In these experiments, Mto2
was tagged with SZZ to enable partial purification by binding
to immunoglobulin G beads and cleavage with tobacco etch
virus (TEV) protease (see Supplemental Experimental Proce-
dures); the SZZ tag did not impair Mto2 function (Figure S3G).
In cell lysates, Mto2-SZZ sedimented as a very broad peak
centered at w14S, with a full width at half maximum (FWHM)
of eight or nine fractions (Figure 4A). By contrast, FWHM for
monodisperse size standards was two or three fractions (Fig-
ure S3H). Sedimentation of Mto1[9A1-bonsai]-GFP was also
broad but centered at w8S, indicating partial dissociation
A B
C
Figure 3. Assembly of Multimeric Puncta In Vivo
(A) Images showing puncta of Mto1[NE]-GFP, Mto1[bonsai]-GFP, and Mto1[9A1-bonsai]-GFP in wild-type backgrounds (mto2+) and absence of puncta in
mto2D backgrounds. Mto1[9A1-bonsai]-GFP puncta diffuse rapidly but are prominent in movies (see Movie S3). Full-length Mto1-GFP displays a weak but
still detectable signal in mto2D backgrounds, due to its intrinsic ability to enrich at many MTOC sites ([9]; see also Figure 1A).
(B) Mto2-GFP puncta together withmCherry-tubulin (mCh-Atb2) inmto1[bonsai] andmto1D cells. Arrows indicate examples of puncta inmto1D cells, which
are relatively faint and seen more easily in movies or when Mto2-GFP is overexpressed (see Movie S5 and Figure S3E). Wild-type cells (mto1+ mto2+)
provide a negative control for GFP fluorescence.
(C) Mto2-13myc is coimmunoprecipitated with 6His-FLAG-GFP-Mto2 (HFG-Mto2), in bothmto1+ andmto1D backgrounds. Western blots were probed with
antibodies against GFP, Myc, and Mto1. Scale bars, 5 mm.
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meric states.
Following partial purification, Mto2-S (the TEV protease
cleavage product of Mto2-SZZ) was enriched 3,400-fold rela-
tive to total protein (Supplemental Experimental Procedures)
and again sedimented as a broad peak (FWHM w five frac-
tions), centered at w12S (Figure 4A). Copurifying Mto1[9A1-
bonsai]-GFP showed a more complex bimodal profile, which
likely reflects further dissociation from Mto2-S after partial
purification. Interestingly, after 10-fold concentration, both
Mto2-S and Mto1[9A1-bonsai]-GFP sedimented as much
larger species, represented by a long ‘‘tail’’ in the lower half
of the gradient and a significantly increased proportion in
the pellet fraction (corresponding to complexes > 40S). To
examine larger species in more detail, we repeated this exper-
iment, but with a shorter centrifugation time (Figure 4B). This
resolved the earlier ‘‘>40S pellet’’ fraction into a range of larger
species, with 15%–20% of total Mto2-S and Mto1[9A1-
bonsai]-GFP still appearing in the pellet (>100S) after the
shorter centrifugation.
These observations are consistent with a concentration-
dependent higher-order multimerization of the Mto1/2 com-
plex, possibly in the form of a polymer with no intrinsic
fixed length [22]. Importantly, although Mto2-S was enriched
3,400-fold after partial purification, Mto1[9A1-bonsai]-GFP
was enriched only 200-fold, and g-tubulin was not enrichedat all (Supplemental Experimental Procedures). This suggests
that Mto1[9A1-bonsai]-GFP may make only a minor contribu-
tion to the assembly of higher-order complexes observed
here and, moreover, that this assembly does not depend on
any residual weak interaction with the g-TuC.
To extend these observations, we repeated the above ex-
periments in an mto1D background, both in cell lysates and
after partial purification of Mto2-S (Figures 4C and 4D). In the
absence of Mto1, Mto2-SZZ in cell lysates sedimented as a
broad peak centered at 9S (FWHMw six fractions), consistent
with the presence of Mto2 multimers. The profile of partially
purified Mto2-S was only modestly different (peak center 8S,
FWHMw five fractions). However, after 10-fold concentration,
we observed a greatly increased proportion of Mto2-S in
the pellet, with both long and short centrifugation times
(Figures 4C and 4D). Interestingly, the w40–100S ‘‘tail’’ of
concentrated Mto2-S species obtained from the mto1[9A1-
bonsai]-GFP background (Figure 4B) was absent in material
from mto1D cells (Figure 4D), which could suggest that Mto1
[9A1-bonsai]-GFP contributes to the cooperative assembly
of higher S-value complexes. However, at the same time,
because a greater proportion of Mto2-S was observed in the
pellet from mto1D cells compared to mto1[9A1-bonsai]-GFP
cells, this could equally suggest that Mto1[9A1-bonsai]-GFP
actually limits the extent of Mto2-S assembly into very large
(>100S) complexes. Taken together, our results indicate
that although Mto1 may influence the assembly of Mto1/2
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Figure 4. Concentration-Dependent Assembly of Mto1/2[bonsai] and Mto2 into Higher-Order Complexes In Vitro
(A) Sedimentation of Mto1[9A1-bonsai]-GFP and Mto2-SZZ (or Mto2-S) in cell lysates, after Mto2-based partial purification from lysates, and after concen-
tration of the partially purified material, as indicated. Quantitative western blotting from 2.5 hr isokinetic glycerol density-gradient centrifugation is shown.
Solid triangles indicate measured S values; open triangles indicate extrapolated S values (see Figure S3H).
(B) Samples as in (A), but centrifuged for only 45 min.
(C) Sedimentation of Mto2-SZZ in mto1D cell lysates, Mto2-S after partial purification from mto1D lysates, and Mto2-S after concentration of the partially
purified material from mto1D lysates. Centrifugation and quantification were as in (A).
(D) Samples as in (C), but centrifuged for 45 min.
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assemble in higher-order complexes.
Conclusions
Overall, our experiments with Mto1/2[bonsai], a ‘‘minimal’’
Mto1/2 complex, demonstrate that Mto1/2 complex canactivate MT nucleation by the fission yeast g-TuC indepen-
dently of localizing the g-TuC to any specific location within
the cell. While g-TuRC-specific proteins are not required, mul-
timeric Mto1/2 puncta are critical for MT nucleation and can
form independently of interaction with the g-TuC. Our results
suggest that multimerization of g-TuSCs by Mto1/2 may
Mto1/2 and the g-Tubulin Complex
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http://dx.doi.org/10.1016/j.cub.2014.03.006generate the same type of supramolecular architecture as is
found in conventional g-TuRCs, but via an alternative mode
of assembly (Figure S3I). It will be interesting to investigate
where such alternative g-TuRC-like complexes may be used
in other eukaryotic systems, including metazoans, as muta-
tions in a mammalian homolog of Mto1, CDK5RAP2, lead to
microcephaly [33, 34]. Combining localization and multimeri-
zation functions in wild-type Mto1/2 may be a particularly effi-
cient method of spatially controlling MT nucleation, especially
when the total number of MTs (and nucleation complexes) in
the cell is low and when different prospective MTOC sites
compete for these complexes.
Single-molecule electron microscopy studies have sug-
gested thatconformational changeswithin interactingg-TuSCs
may be important in generating an active MT nucleator [3, 22,
35]. This idea is attractive but still awaits experimental confir-
mation. The CM1 region of Mto1 is conserved in proteins from
yeast to humans and is required for interaction with the g-TuC
[13, 36, 37], and there is good evidence that the CDK5RAP2
CM1 region alone can function as an activator of the mamma-
lian g-TuRC, although the mechanism remains unclear [14].
Our results do not address whether theMto1 CM1 region alone
has a similar specific activating role, because in the fission
yeast system, as we have shown here, MT nucleation by
Mto1[bonsai] further requires Mto2-dependent multimeriza-
tion. In the future, such questions may best be addressed
through reconstitution of complete MT-nucleating complexes
from purified components.
Experimental Procedures
Standard yeast genetic methods [38, 39] were used throughout. All fluores-
cence microscopy used a spinning-disk fluorescence microscope, as
described previously [28, 40], with cells mounted on medium agarose
pads between a slide and coverslip [41]. Further details of these and
biochemistry experiments can be found in Supplemental Experimental
Procedures.
Supplemental Information
Supplemental Information includes three figures, Supplemental Experi-
mental Procedures, and fivemovies and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.03.006.
Acknowledgments
We thank members of our laboratory and the Wellcome Centre
Wednesday Floor Meeting for helpful discussions, H. Ohkura for com-
ments on the manuscript, D. Busso and A. Matsuyama for plasmids,
Y. Watanabe for the mCherry-tubulin strain, and D. Kelly and A. Anders
for help with microscopy and biochemistry, respectively. This work was
supported by Wellcome Trust grant 094517 to K.E.S. E.M.L. was sup-
ported by a PhD studentship from the Darwin Trust of Edinburgh. L.M.G.
was supported by a PhD studentship from the Biotechnology and Biolog-
ical Sciences Research Council UK. W.E.B. was supported by a Cancer
Research UK PhD Studentship (C20060/A10789). The Wellcome Trust
Centre for Cell Biology is supported by core funding from the Wellcome
Trust (092076).
Received: July 9, 2013
Revised: February 17, 2014
Accepted: March 4, 2014
Published: April 3, 2014
References
1. Stearns, T., and Kirschner, M. (1994). In vitro reconstitution of centro-
some assembly and function: the central role of gamma-tubulin. Cell
76, 623–637.2. Zheng, Y., Wong, M.L., Alberts, B., and Mitchison, T. (1995). Nucleation
of microtubule assembly by a gamma-tubulin-containing ring complex.
Nature 378, 578–583.
3. Kollman, J.M., Merdes, A., Mourey, L., and Agard, D.A. (2011).
Microtubule nucleation by g-tubulin complexes. Nat. Rev. Mol. Cell
Biol. 12, 709–721.
4. Teixido´-Travesa, N., Roig, J., and Lu¨ders, J. (2012). The where, when
and how of microtubule nucleation - one ring to rule them all. J. Cell
Sci. 125, 4445–4456.
5. Sawin, K.E., and Snaith, H.A. (2004). Role of microtubules and tea1p in
establishment and maintenance of fission yeast cell polarity. J. Cell Sci.
117, 689–700.
6. Venkatram, S., Tasto, J.J., Feoktistova, A., Jennings, J.L., Link, A.J., and
Gould, K.L. (2004). Identification and characterization of two novel pro-
teins affecting fission yeast gamma-tubulin complex function. Mol. Biol.
Cell 15, 2287–2301.
7. Janson, M.E., Setty, T.G., Paoletti, A., and Tran, P.T. (2005). Efficient for-
mation of bipolar microtubule bundles requires microtubule-bound
gamma-tubulin complexes. J. Cell Biol. 169, 297–308.
8. Venkatram, S., Jennings, J.L., Link, A., and Gould, K.L. (2005). Mto2p, a
novel fission yeast protein required for cytoplasmic microtubule organi-
zation and anchoring of the cytokinetic actin ring. Mol. Biol. Cell 16,
3052–3063.
9. Samejima, I., Lourenc¸o, P.C., Snaith, H.A., and Sawin, K.E. (2005).
Fission yeast mto2p regulates microtubule nucleation by the centroso-
min-related protein mto1p. Mol. Biol. Cell 16, 3040–3051.
10. Samejima, I., Miller, V.J., Rincon, S.A., and Sawin, K.E. (2010). Fission
yeast Mto1 regulates diversity of cytoplasmic microtubule organizing
centers. Curr. Biol. 20, 1959–1965.
11. Sawin, K.E., and Tran, P.T. (2006). Cytoplasmic microtubule organiza-
tion in fission yeast. Yeast 23, 1001–1014.
12. Pardo, M., and Nurse, P. (2003). Equatorial retention of the contractile
actin ring by microtubules during cytokinesis. Science 300, 1569–1574.
13. Samejima, I., Miller, V.J., Groocock, L.M., and Sawin, K.E. (2008). Two
distinct regions of Mto1 are required for normal microtubule nucleation
and efficient associationwith the gamma-tubulin complex in vivo. J. Cell
Sci. 121, 3971–3980.
14. Choi, Y.K., Liu, P., Sze, S.K., Dai, C., and Qi, R.Z. (2010). CDK5RAP2
stimulates microtubule nucleation by the gamma-tubulin ring complex.
J. Cell Biol. 191, 1089–1095.
15. Sawin, K.E., Lourenco, P.C., and Snaith, H.A. (2004). Microtubule nucle-
ation at non-spindle pole body microtubule-organizing centers requires
fission yeast centrosomin-related protein mod20p. Curr. Biol. 14,
763–775.
16. Ciferri, C., Pasqualato, S., Screpanti, E., Varetti, G., Santaguida, S., Dos
Reis, G., Maiolica, A., Polka, J., De Luca, J.G., De Wulf, P., et al. (2008).
Implications for kinetochore-microtubule attachment from the structure
of an engineered Ndc80 complex. Cell 133, 427–439.
17. Widlund, P.O., Stear, J.H., Pozniakovsky, A., Zanic, M., Reber, S.,
Brouhard, G.J., Hyman, A.A., and Howard, J. (2011). XMAP215 polymer-
ase activity is built by combining multiple tubulin-binding TOG domains
and a basic lattice-binding region. Proc. Natl. Acad. Sci. USA 108, 2741–
2746.
18. Zimmerman, S., and Chang, F. (2005). Effects of gamma-tubulin com-
plex proteins on microtubule nucleation and catastrophe in fission
yeast. Mol. Biol. Cell 16, 2719–2733.
19. Laporte, D., Coffman, V.C., Lee, I.J., and Wu, J.Q. (2011). Assembly and
architecture of precursor nodes during fission yeast cytokinesis. J. Cell
Biol. 192, 1005–1021.
20. Oegema, K., Wiese, C., Martin, O.C., Milligan, R.A., Iwamatsu, A.,
Mitchison, T.J., and Zheng, Y. (1999). Characterization of two related
Drosophila gamma-tubulin complexes that differ in their ability to
nucleate microtubules. J. Cell Biol. 144, 721–733.
21. Murphy, S.M., Preble, A.M., Patel, U.K., O’Connell, K.L., Dias, D.P.,
Moritz, M., Agard, D., Stults, J.T., and Stearns, T. (2001). GCP5 and
GCP6: two new members of the human gamma-tubulin complex. Mol.
Biol. Cell 12, 3340–3352.
22. Kollman, J.M., Polka, J.K., Zelter, A., Davis, T.N., and Agard, D.A. (2010).
Microtubule nucleating gamma-TuSC assembles structures with 13-
fold microtubule-like symmetry. Nature 466, 879–882.
23. Knop, M., Pereira, G., Geissler, S., Grein, K., and Schiebel, E. (1997). The
spindle pole body component Spc97p interacts with the gamma-tubulin
of Saccharomyces cerevisiae and functions in microtubule organization
and spindle pole body duplication. EMBO J. 16, 1550–1564.
Current Biology Vol 24 No 8
8
Please cite this article in press as: Lynch et al., Activation of the g-Tubulin Complex by the Mto1/2 Complex, Current Biology (2014),
http://dx.doi.org/10.1016/j.cub.2014.03.00624. Vardy, L., and Toda, T. (2000). The fission yeast gamma-tubulin complex
is required in G(1) phase and is a component of the spindle assembly
checkpoint. EMBO J. 19, 6098–6111.
25. Guillet, V., Knibiehler, M., Gregory-Pauron, L., Remy, M.H., Chemin, C.,
Raynaud-Messina, B., Bon, C., Kollman, J.M., Agard, D.A., Merdes, A.,
and Mourey, L. (2011). Crystal structure of g-tubulin complex protein
GCP4 provides insight into microtubule nucleation. Nat. Struct. Mol.
Biol. 18, 915–919.
26. Fujita, A., Vardy, L., Garcia, M.A., and Toda, T. (2002). A fourth compo-
nent of the fission yeast gamma-tubulin complex, Alp16, is required for
cytoplasmic microtubule integrity and becomes indispensable when
gamma-tubulin function is compromised. Mol. Biol. Cell 13, 2360–2373.
27. Anders, A., Lourenc¸o, P.C., and Sawin, K.E. (2006). Noncore compo-
nents of the fission yeast gamma-tubulin complex. Mol. Biol. Cell 17,
5075–5093.
28. Anders, A., and Sawin, K.E. (2011). Microtubule stabilization in vivo by
nucleation-incompetent g-tubulin complex. J. Cell Sci. 124, 1207–1213.
29. Evans, L., Mitchison, T., and Kirschner, M. (1985). Influence of the
centrosome on the structure of nucleated microtubules. J. Cell Biol.
100, 1185–1191.
30. Moritz, M., Braunfeld, M.B., Gue´nebaut, V., Heuser, J., and Agard, D.A.
(2000). Structure of the gamma-tubulin ring complex: a template for
microtubule nucleation. Nat. Cell Biol. 2, 365–370.
31. Erlemann, S., Neuner, A., Gombos, L., Gibeaux, R., Antony, C., and
Schiebel, E. (2012). An extended g-tubulin ring functions as a stable
platform in microtubule nucleation. J. Cell Biol. 197, 59–74.
32. Williamson, J.R. (2008). Cooperativity in macromolecular assembly.
Nat. Chem. Biol. 4, 458–465.
33. Bond, J., Roberts, E., Springell, K., Lizarraga, S.B., Scott, S., Higgins, J.,
Hampshire, D.J., Morrison, E.E., Leal, G.F., Silva, E.O., et al. (2005). A
centrosomal mechanism involving CDK5RAP2 and CENPJ controls
brain size. Nat. Genet. 37, 353–355.
34. Lizarraga, S.B., Margossian, S.P., Harris, M.H., Campagna, D.R., Han,
A.P., Blevins, S., Mudbhary, R., Barker, J.E., Walsh, C.A., and
Fleming, M.D. (2010). Cdk5rap2 regulates centrosome function and
chromosome segregation in neuronal progenitors. Development 137,
1907–1917.
35. Kollman, J.M., Zelter, A., Muller, E.G., Fox, B., Rice, L.M., Davis, T.N.,
and Agard, D.A. (2008). The structure of the gamma-tubulin small com-
plex: implications of its architecture and flexibility formicrotubule nucle-
ation. Mol. Biol. Cell 19, 207–215.
36. Fong, K.W., Choi, Y.K., Rattner, J.B., and Qi, R.Z. (2008). CDK5RAP2 is a
pericentriolar protein that functions in centrosomal attachment of the
gamma-tubulin ring complex. Mol. Biol. Cell 19, 115–125.
37. Zhang, J., and Megraw, T.L. (2007). Proper recruitment of gamma-
tubulin and D-TACC/Msps to embryonic Drosophila centrosomes re-
quires Centrosomin Motif 1. Mol. Biol. Cell 18, 4037–4049.
38. Moreno, S., Klar, A., and Nurse, P. (1991). Molecular genetic analysis of
fission yeast Schizosaccharomyces pombe. Methods Enzymol. 194,
795–823.
39. Ba¨hler, J., Wu, J.Q., Longtine, M.S., Shah, N.G., McKenzie, A., 3rd,
Steever, A.B., Wach, A., Philippsen, P., and Pringle, J.R. (1998).
Heterologous modules for efficient and versatile PCR-based gene tar-
geting in Schizosaccharomyces pombe. Yeast 14, 943–951.
40. Snaith, H.A., Thompson, J., Yates, J.R., 3rd, and Sawin, K.E. (2011).
Characterization of Mug33 reveals complementary roles for actin
cable-dependent transport and exocyst regulators in fission yeast
exocytosis. J. Cell Sci. 124, 2187–2199.
41. Sawin, K.E. (1999). GFP fusion proteins as probes for cytology in fission
yeast. Methods Cell Biol. 58, 123–138.
